Dynamic observation of crystal imperfections has been made by live topography to image diffraction topographs instantaneously, using an intense X-ray source and a video camera. With the aid of synchrotron radiation, a resolution of 6 µm was achieved using an X-ray "Saticon" camera tube having an amorphous Se-As photoconductive layer. The property of the layer made avalanche amplification possible, enabling live topography using a conventional X-ray tube. Usefulness of live topography is demonstrated by in-situ observation of crystal-melt interfaces: Dislocations exist stably at equilibrium but become unstable with deviation from equilibrium leading to a dislocation-free state. This result is explained as the reverse of spiral growth. A formation mechanism of swirl microdefects is proposed on the basis of experimental results which indicate that only vacancies are intrinsic defects in silicon.
Introduction
Röntgen discovered X-rays in 1895 and initiated X-ray imaging by absorption of X-rays. 1) In 1905, Barkla identified X-rays to be electromagnetic waves, based on the behavior of X-ray scattering by matter.
2) Since then, a question has arisen regarding their wavelengths. Wavelengths of visible light are measured by a grating. For X-rays, the atomic lattice of a crystal was considered to act as a grating with a very small spacing. and the famous "Laue-Friedrich-Knipping" experiment on X-ray diffraction was carried out in 1912. 3) Then, diffraction intensities were calculated. [4] [5] [6] [7] [8] X-ray diffraction is caused by many atoms having very small X-ray scattering factors, and the diffraction peak must be extremely narrow, i.e., diffracted intensities appear within an arc second at a Bragg angle when a perfect crystal is rotated against the incidence of an ideally parallel and monochromatic X-ray beam. However, X-ray beams actually have a large wavelength spread and are divergent compared with the angular width of the ideal diffraction peak, even if the X-rays are collimated by slits. Therefore, only a small part of the incident beam can be diffracted by a perfect crystal, and the rest, i.e., almost all, of the incident beam passes through the crystal without any diffraction. This is the case of an "ideally perfect crystal", in which the diffracted X-rays are diffracted again toward the transmitted direction inside the perfect crystal lattice. Such multiple reflection, depending on the depth from the X-ray entrance surface of the crystal, causes oscillations of both the X-ray intensity and ray path between the transmitted and diffracted directions, i.e., a wedge-shaped crystal shows "equal thickness fringes" or "Pendellösung fringes" 4) in the diffracted or transmitted intensity. 9) In contrast to the case of a perfect crystal, an imperfect crystal is considered to consist of many small parts having slightly different orientations (mosaic crystals), and the X-rays diffracted from one part of the crystal never satisfy the Bragg diffraction condition in any other parts and exit the crystal with single reflection. The incident beam has such large angular and spectral spreads that any part of the beam can be diffracted by some part of the crystal. Therefore, the diffracted X-rays are divergent and the total diffracted intensity is proportional to the volume of the crystal, if absorpshown in Fig. 1 . Synchrotron radiation 18) (white X-rays) incident on a crystal produces many X-ray diffraction spots (Laue spots) which are recorded on a photographic film placed behind the crystal. In an enlargement of a spot, many black lines are seen due to dislocations. The photograph is negative, and black parts have higher diffracted intensities, and can be explained as nearly "ideally imperfect" parts in an "ideally perfect crystal".
Generally, dislocation densities were found to number more than 10 7 lines/cm 2 for metal crystals. 19) In the 1950's, therefore, it was widely believed that real crystals contained dislocations in very high densities, as expected from the X-ray diffraction intensities that were much higher than those for an ideally perfect crystal.
This general view for real crystals was changed in 1958 by Dash, 20) who succeeded in growing dislocation-free silicon crystals. Using silicon crystals, many investigators observed the X-ray diffraction peak profile and intensity for an ideally perfect crystal 21, 22) and extended the dynamical diffraction theory to the case of nearly perfect crystals 9) having slight 23) and heavy 24, 25) distortions, stacking faults 26) and dislocations. 27) Why do silicon crystals grow into a dislocation-free state? To answer this question, we developed a technique called tion by the crystal can be neglected. Such a crystal that never causes multiple X-ray reflection is called an "ideally imperfect crystal" or an "ideal mosaic". 8) The diffracted intensity is maximum for the ideally imperfect crystal and minimum for the ideally perfect crystal. Diffracted intensities observed for real crystals have always been intermediate between those two cases. Until nearly perfect silicon crystals were grown, it was believed that the ideally perfect crystal did not actually exist.
Since perfect crystals must be in the most stable state, a question arises as to how real crystals become imperfect. This question was solved by the development of the dislocation theory 10) in the 1950's; the fact that crystals were deformed easily was understood by introducing the concept of linear imperfections, called "dislocations", in crystal lattices. Dislocations were observed for the first time by electron microscopy in 1956 11) and by X-ray topography in 1958. [12] [13] [14] [15] X-ray diffraction topography 16, 17) is concerned with pointto-point variations in the directions and/or the intensities of X-rays diffracted by crystals. An example of a topograph is "live X-ray topography" for in-situ observation of crystallization. [28] [29] [30] [31] In the field of crystal growth, the breakthrough concept of "spiral growth by dislocations" was proposed by Frank 32) and is well known as a mechanism of growth without nucleation under a condition of small deviation from equilibrium. 33) This effect of dislocations on crystal growth may be supported by observations of such spiral steps on the surface of crystals grown from solution and the vapor phase, which were made ex post facto to the actual process of crystal growth by sophisticated techniques of optical microscopy. 34 ) Such a dislocation effect was also observed for melt growth of silicon; the supercooling required for a certain growth rate becomes smaller with the generation of dislocations during dislocationfree growth. 35) The dislocation-free crystal growth demonstrated by Dash indicates that crystals grow intrinsically without dislocations which are introduced after growth. On the contrary, the spiral growth concept postulates the stable existence of dislocations at the growing surface. One may say that there are the two revolutionary steps in the progress which conflict with each other. If there is an effect of dislocations on crystal growth, the opposite effect of growth on dislocation behavior should be considered.
To clarify such a relation between crystal perfection and solid-liquid transformation, in-situ observation of the phase change is very important. In particular, crystalline defects exhibit unanticipated dynamic behavior, and one cannot expect progress beyond popular concepts without a powerful tool for in-situ observation.
In materials science and technology, crystal perfection of various materials is always pursued to fully draw out their capabilities, but depends critically on environmental conditions. Today, the X-ray imaging system developed for live topography 30, 31) is available commercially and has been widely used for elucidating the optimum conditions for crystal growth. For example, Kawasaki et al. found the growth conditions used for the industrial production of electrical steel sheets (Fe-3%Si), using live X-ray topography. 36) The purpose of the present paper is to describe recent improvements to live X-ray topography and to trace the origin of the crystal perfection of silicon crystals by the in-situ observation of crystal growth.
Method of Live X-Ray Topography
Electron microscopy provides very high resolution, and direct viewing is possible with the aid of a fluorescent screen. Therefore, dynamic observation of dislocations was achieved as soon as dislocations were observed by electron microscopy in 1956. 11) Since then, electron microscopy has been the only technique for in-situ observation of plastic deformation or phase transformation. However, the extreme thinness of the specimens required in electron microscopy may lead to conclusions that are invalid for bulk materials.
If dynamic observation by X-ray topography were possible, it would allow one to investigate structural changes occurring over a wide area in real crystals and during changes of environmental parameters such as temperature, stress and atmosphere. However, X-ray topographic images initially employed only photographic recording with a long exposure time (20 min to several hours). Although X-ray-sensing television cameras for medical use were available, their resolution was too poor to observe individual dislocations in crystals.
In 1968, we developed an X-ray television system with a high-power rotating-target X-ray generator that could instantaneously display individual dislocations on a TV monitor. 28, 31) At the 4th International Conference on Crystal Growth in Tokyo, a movie of X-ray topographic images showing growth processes of Si crystals from the melt was exhibited. 29) This type of technique was referred to as "live X-ray topography" 30) and has been used for in-situ observations of defects, crystal growth, and phase transformation.
Imaging system
The imaging system consists of a rotating target X-ray generator, topographic goniometer, X-ray sensing video camera and image processor, as shown schematically in Fig. 2 . 30, 31) A specimen crystal is oriented to satisfy the Bragg condition for the characteristic X-ray beam Kα which is collimated by slit S 1 . The beam transmitted through the specimen is stopped by slit S 2 positioned just behind the specimen. The diffracted beam passes through slit S 2 and is received by an X-ray image detector. In order to observe a large area of the specimen, the specimen and the detector are placed on a carriage and are scanned back and forth, keeping the specimen orientation relative to the incident beam constant. In the conventional method, the diffracted beam is recorded with an extremely fine-grained nuclear plate. A resolution of about 1 µm is achieved with a fine-focus X-ray generator. For live topography, the plate is replaced by an X-ray-sensing video camera. A block diagram of the TV system is also shown in Fig. 2 . The system consists of a camera unit, video amplifier, camera control unit and monitor. The intermittent scan unit and the digital image processor are used for improving image quality. Using a slightly divergent beam from the X-ray tube, as shown in Fig. 2 , two band-shaped regions of the crystal, each of 1 mm width, are imaged instantaneously on the monitor by Kα 1 and Kα 2 beams, as seen in the example in Fig. 3(a) . Such images are called "direct-view images" for convenience. To image a large area, the video signals for the Kα 1 images are electrically selected by the electric slit unit and stored in the digital image processor, while the carriage is moved. At the end of carriage motion, the imaging area of the camera tube (9 × 13 mm) is displayed on the monitor, as shown in Fig. 3(b) . Such images are referred to as "synthesized images". The TV images are recorded by a VTR or movie camera placed before the TV monitor.
The problems faced in dynamic observation using such an imaging system are briefly discussed below. The diffracted intensities are extremely low compared with those of radiography. Therefore, photon noise due to statistical fluctuation in the number of photons incident upon an imaging system imposes a detection limit of the image. 29) Consider the case of viewing defects in a crystal using an imaging system: ν p photons·s −1 ·mm −2 are diffracted from the perfect region, and qν p (q < 1) are absorbed by the X-ray-sensing layer of the system. An absorbed photon produces a mean number η 1 of electrons or visible photons, each of which may be rescattered to produce a mean number η 2 of electrons or photons. By repeating s such processes, the mean signal height,
is obtained from each ε × ε mm 2 square picture element for t s. The value of ε may be taken as the limiting resolution (at MTF = 5%, see Fig. 6 ) of the system. Since η 1 > 100 owing to the large photon energy and the values of η 2 , η 3 , . . . , η s are considered to be less than 100, the photon noise σ p , as a standard deviation of S p , is given by 37) 
In order to recognize the defect image in the perfect region, the signal-to-noise ratio (SNR) R I of the image must be
where S d is the signal height of the defect image, C is the contrast of the defect image, C = (S d − S p )/S p , and R th is the threshold SNR in the range of 1-5.
38)
In order to image individual dislocations, the resolution of the image detector must be sufficiently high, i.e. ε < 30 µm. For moving dislocations, we cannot increase t, otherwise the images would be smeared. On reducing ε and t, R I generally becomes too small. This is the reason why X-ray dynamic observation is difficult.
To overcome this difficulty, an intense X-ray source is required in order for ν p in eq. (3) to be as large as possible. Therefore, we developed a high-power X-ray generator with a rotating target having a diameter of 40 cm; target materials of the X-ray generator should be chosen to make C(qν p ) 1/2 as large as possible for the camera tube and specimens observed. The thermal limit of X-ray output of a rotating-target generator is proportional to
1/2 , where T M is the melting point of the target material, T W is the temperature of the cooling water, κ is the thermal conductivity, and h is the heat capacity. 31) By taking these points into consideration, a molybdenum rotating target was developed, by which the generator was operated at a tube voltage of 60 kVp and tube current of 0.5 A with a focus size of 0.5 by 10 mm. With this X-ray source, the typical number of photons received per picture element (30 × 30 µm 2 ) per frame (1/30 s) was only about 10 for perfect regions of an Si crystal. 31) From eq. (3), the SNR depends only on the absorption efficiency q of the X-ray-sensing layer of the two-dimensional detector. Therefore, we employed a camera tube having an X-ray-sensing lead-oxide PbO photoconductive layer. 29) The construction and operation of an X-ray video camera tube are similar to those of the conventional video pick-up tube, except for the adoption of a beryllium window (Fig. 4) . A popular pick-up tube is a vacuum glass tube which is 15 cm long and 25 mm in diameter. An X-ray-sensing photoconductive layer such as PbO is placed on the inner surface of the window at one end of the tube and is scanned by a narrow electron beam from a cathode on the opposite end to convert image charges on the photoconductive layer into video signals. As seen from Fig. 4 (b), the beryllium (Be) window is kept at a positive potential, say 30-100 V, against the cathode at ground level. The surface of the photoconductive layer is at the ground level due to the electron beam scanning, i.e., the layer is charged like a parallel condenser to form the potential in the layer, as shown in Fig. 4 (d). Incident X-rays produce electron-hole pairs, and the holes are driven toward the surface and act to locally erase the stored charge. By the next scan of the electron beam, the surface is charged again by a current through the load resistor, which results in the video signal.
The camera tube with a PbO photoconductive layer having the resolution-limited maximum thickness of 15 µm had an absorption efficiency of q = 0.6 for MoKα and 0.8 for CuKα. 29) Dislocations in an Si crystal were imaged with C = 0.5 and ν p = 4 × 10 5 MoKα 1 photons·s −1 ·mm −2 by the high-power X-ray generator (60 kVp; 0.5 A). 29, 31) In 1968, we reported on this type of X-ray imaging system that could instantaneously display individual dislocations in a BeO crystal on a TV monitor. 28) Moving dislocations in an Si crystal were observed in 1972. 39) Since then, in order to realiz such TV displays of X-ray topographs with a conventional X-ray generator, many investigators developed various types of TV cameras with very high sensitivities; 17) most of them were of the indirect type in which X-ray images are first converted into visible-light images by phosphor screens. Very highly sensitive imaging systems are available for visible light, and the signal height can be increased by raising the value of η 1 . . . η s . It is obvious from eq. (3), however, that without a high power X-ray generator, real-time observation is impossible, although TV display of individual dislocations was achieved with a longer observation time, such as in a photographic method. Also, the resolution is limited by the thickness of the phosphor screen that is required for a satisfactory absorption efficiency.
In contrast, the direct method shown in Fig. 4 involves a photoconductive layer applied with an electric field which drives the charges produced in the layer and acts to prevent blurring of the image. Undoubtedly, the direct method provides high resolution and high absorption efficiency.
The imaging system 30, 31) that we developed became commercially available, and many topographic studies on the dynamic behavior of dislocations and phase transformation have been carried out for various materials such as ice, 40) Si, 41, 42) metals.
43-45)

Live topography with synchrotron radiation
The synchrotron radiation facility, the "Photon Factory", was commissioned in 1982. Synchrotron radiation (SR) provides diffracted intensities 10-100 times higher than the highpower X-ray generator 18) and, in principle, makes it possible to observe rapid structural changes with a higher resolution and better SNR, as expected from eq. (3). Resolution ε and detection efficiency q are, in general, mutually exclusive. For example, the resolution of X-ray sensing photoconductive layers is determined by their grain size, and their sensitivity decreases with decreasing grain size. To achieve high resolution without sacrificing the detection efficiency, we intended to employ amorphous photoconductive layers.
In the NHK Technical Research Laboratories, a pick-up camera tube, "Saticon", having a photoconductive amorphous Se-As-Te alloy was developed for color TV broadcasting, 46) and a resolution of 6 µm was achieved with a 4-µm-thick alloy layer for visible light.
47) The application to X-ray imaging depended upon whether the layer thickness could be increased sufficiently to absorb incident X-rays without degradation of resolution. For example, to keep R I at the same level as in the case of the PbO tube, q must be 0.7 with ε = 6 µm even for ν p = 10 7 photons·s −1 ·mm −2 using SR. The effect of the layer thickness on resolution was examined using camera tubes having photoconductive layers with thicknesses of 4 and 20 µm. The results showed no degradation of resolution on increasing the layer thickness when the target voltage was increased in proportion to the thickness. 48) This characteristic is due to the very high resistivity of the layer in the dark and is an important advantage of the amorphous photoconductive layer.
The amorphous layer used for the Saticon pickup tube consists of Se, As, and Te; the name "Saticon" is taken from these elements. The Te component acts to increase the sensitivity to red light. Therefore, the X-ray photoconductive layer is comprised mainly of amorphous Se, as shown schematically in Fig. 4(c) , and has a very high resistivity, greater than 10 12 · cm in the dark. Since crystalline Se is metallic, 3-5 wt% of As was added to stabilize the amorphous state. The As concentration is enhanced, to some extent, at the interface with the Be window to suppress crystallization nucleated by the window material. A blocking contact is formed between the X-ray window material and the Se-As layer to prevent holes from flowing into the layer [ Fig. 4(d) ]. Incident X-rays form electrons and holes in the layer, and the holes migrate toward the scanning-electron-beam side and contribute to the video signal. Sb 2 S 3 was evaporated on the surface of the SeAs layer to form another blocking contact which improves the landing characteristic of the scanning electron beam and prevents penetration of the electrons into the Se-As layer. The Se-As layer has a thickness of 20 µm and an absorption efficiency of 52% for Mo Kα radiation (λ = 0.71 A) and 76% for X-rays with a wavelength of 1 Å.
Since the photoconductive amorphous layer itself has a very good resolution, the focal size of the scanning electron beam on the layer determines the resolution. A conventional camera tube with the amorphous layer results in a limiting resolution of 15 µm. To improve the resolution, the following characteristics are required of the scanning electron beam. 47) (1) The electron emission area of the cathode should be as small as possible, provided that a sufficient beam current is supplied, ideally, a point-emission source with an infinite current density. (2) For a uniform resolution over the entire scanned area, the beam divergence angle should be minimized. Ideally, a parallel beam should be used. (3) For low beam-discharge lag characteristics, velocities of the electrons should be uniform by preventing them from colliding with each other. For these requirements, a diode-type electron gun [ Fig. 5(a) ] was employed instead of the conventional crossover-type gun [ Fig. 5(b) ]. With such a diode gun, however, it is difficult to obtain a beam current high enough to handle the signal current, because only a small portion of the electrons perpendicularly emitted from the center of the emitter can pass through the aperture. This disadvantage was overcome by employing Ba-impregnated cathodes having a high electron emissivity.
The focused spot size of the beam on the layer is about 9 µm in diameter. Actually, however, a self-sharpening effect takes place; most of the signal charges on the layer are neutralized by the head of the moving beam rather than the trailing part. Even with a somewhat wide electron beam, therefore, high resolution can be achieved over the entire scanning area.
The camera tube having such a diode gun was called the "DIS-type" (diode-operation impregnated-cathode Saticon). 47) The resolution of the tube is represented by the modulation transfer function in comparison with that of the conventional tubes in Fig. 6 . The limiting resolution of 6 µm was achieved with the 20-µm-thick Se-As photoconductive layer and DIS type electron gun. The Se-As layer showed very low lag characteristics (less than 1% after one frame).
The characteristics of the camera tube are demonstrated by imaging a transmission X-ray topograph for a silicon wafer, as shown in Fig. 7 , using synchrotron radiation from the Photon Factory storage ring operated at 2.5 GeV and 50 mA. The black lines in Fig. 7(a) are dislocation images. The intensity heterogeneities in the background are due to variations in the wafer (equal-thickness fringes). Figure 7 (b) shows the video waveform along the dotted line in Fig. 7(a) . The peaks due to the dislocations are visible. The contrast in the dislocations is C = (S d − S p )/S p = 1 from Fig. 7(b) and is twice that obtained using a PbO camera tube, 29) owing to the difference in resolution. For comparison, a topograph recorded photographically with MoKα 1 radiation is shown in Fig. 7(c) . The video image in Fig. 7(a) compares favorably with the photographic topograph.
The Saticon tubes have excellent linearity. Their output signal current is proportional to the incident X-ray intensity up to 4 µA. The noise level of the video amplifiers is 1 nA and is equivalent to an input intensity of 1.5 × 10 MoKα photons·s −1 ·mm −2 in the US/Japan standard scanning system (30 frame/s). For the use of synchrotron radiation which provides diffracted intensities of more than ν p = 10 6 photons·s −1 ·mm −2 , there are no SNR problems. The imaging system with the Saticon tube has been used for the study of various crystals such as Fe-3%Si 36) and ice.
40)
Live topography with conventional X-ray sources
Most topographers today still use topography with a rotating-target X-ray generator even if they have opportunities to use SR. Because of this, it is important to increase the conversion efficiency (η 1 η 2 . . . η s ) to overcome the amplifier noise. The signal current becomes saturated with increasing voltage applied to the photoconductive layer, and the gain becomes unity. Further increase of the applied voltage causes avalanche amplification, 49) without degradation of the resolution; a gain of more than 10 can be achieved by increasing the applied voltage until the dark current reaches the level of amplifier noise (1 nA). This type of camera tube was fabricated with the conventional electron gun (resolution: 15 µm).
50) It had a high enough sensitivity to detect individual X-ray photons and enabled one to make real-time observations of topographs using a conventional X-ray tube (e.g., 50 keV, 400 mA). Fabrication of the DIS-type camera tube is under way.
Image processing
The resolution ε and integration time t should be selected appropriately according to experimental needs. 51) For example, when topographic images of individual dislocations in silicon were observed with t = 1/30 s using synchrotron radiation, their contrast and SNR were found to be C = 0.5 and R I = 20 for ε = 30 µm, and C = 1 and R I = 8 for ε = 6 µm. Since a SNR of 100 is desired, the integration time should be as long as possible before images of moving objects are degraded. Digital image processing enables one to adjust the integration time easily. As an example, a noise reducer 52) is shown in Fig. 2 . The video signal is sampled and digitized by the A/D converter (6 bits per pixel), and the digital video is sent to the adder and then to memory A. Image information in the memory is continually sent to both the adder through the multiplier for combination with incoming data and memory B through the contrast-range selection. The signals in memory A or B are converted to analog signals, which can be displayed or recorded with conventional video accessories. The weighting of new to old data is done by changing the factor a of the multiplier in the range of 0 < a < 1. For a = 0, the original input image is displayed. In the range of 0 < a < 1, a sliding summation of successive frames is displayed by sending image information in memory A directly to the D/A converter through contrast range selection. The output image obtained by continuous operation is given as the sum of a geometric series S ∞ = S 0 /(1 − a), where S 0 is the input signal, and the SNR is improved by a factor of
1/2 . For a = 1, incoming and stored image data are combined on a pixel-sequential basis, i.e., the memory acts as an image integrator, allowing improvement of the SNR through the addition of a selectable number of successive frames. With a memory depth of 14 bits and an initial A/D encoding of 6 bits per pixel, it is possible to sum 256 full-amplitude images in the memory before overflow takes place. The 6-bit contrast range (64 gray levels) of image data in memory A is selected and stored in memory B for display. Acquisition of extremely low-intensity images, dramatic improvements in SNR via frame integration, and isolation and enhancement of selected-contrast ranges are possible by digital image processing.
In-Situ Observation of Solid-Liquid Interfaces
Dash developed the "necking method" 20) in which a thin crystal with a diameter of about 2 mm is grown after a seed crystal is brought into contact with the silicon melt. After the thin crystal becomes dislocation-free, the crystal is thickened by forming a suitable temperature gradient.
This necking method is a fundamental technique for fabricating dislocation-free crystals and has been used for the production of silicon crystals in the semiconductor industry. It is impossible to grow large-diameter crystals without eliminating dislocations, because multiplication of dislocations takes place easily owing to thermal distortion and results in a polycrystal.
To understand the transition process from the dislocated state to the dislocation-free state, dislocation behavior at the melting point was observed by live topography. [53] [54] [55] [56] For in-situ observation, a plate-shaped Si crystal was placed between two carbon heaters and was oriented to satisfy the Bragg condition for an incident X-ray beam, as shown schematically in Fig. 8 . The middle part of the crystal was melted and then solidified in an argon gas flow by changing the heat power. Topographic images from the crystal were observed through the carbon heater using the video camera described in §2. Because there was no diffracted intensity from the molten part, solid-liquid interfaces were seen clearly, even at the melting point of 1410
• C.
Dislocations during crystal growth
A typical example of crystal growth observed by X-ray live topography is shown in Fig. 9 ; a sequence of growing downward from the melt is seen from Figs. 9(a) to 9(f). The lower edge of each image is the interface between the crystal and melt. Figure 9 (a) shows the state of the crystal just before the growth starts. The crystal image is black due to the many dislocations generated during the temperature increase. Dislocations exist stably at the interface in equilibrium, where growth rate V = 0, and the temperature T at the interface is equal to the melting point T 0 = 1410
• C (T = T 0 ). In the growth process shown in Figs. 9(b)-9(f), the dislocations follow the moving interface, forming hairpin-shaped half-loops behind the interface (T < T 0 ). With increasing growth rate, the majority of dislocations are left behind the interface, and dislocation-free regions are formed. These dislocations have a common type of Burgers vector, 1/2 110 . This observation indicates that dislocations are unstable at growth interfaces with a supercooling defined by T = T 0 − T > 0, except the two dislocations perpendicular to the interface seen in Fig. 9 (f), which were identified to be immobile composite dislocations consisting of three common dislocations.
Why are common dislocations unstable at growth interfaces?
In general, a dislocation must intersect with the interface to minimize its total length (free energy) at the equilibrium at T = T 0 . Interfaces are always covered with the most sta-ble facets {111}, i.e., an interface is a stepped surface even if it looks smoothly curved (see Fig. 6 in ref. 56 ). When the interface is supercooled, an increase in the free energy of the liquid-solid interface is caused by the presence of the dislocation that newly forms a spiral step on the originally stepped surface. Consequently, the dislocation is forced away so as to minimize the interfacial free energy. The total length of the spiral step is proportional to the supercooling, T = T − T 0 . 33) If the increase in free energy due to step formation exceeds that due to the formation of the dislocation loop near the interface, as seen in Fig. 9 , the dislocation cannot exist at the interface.
When dislocation density increases, steps formed by neighgrowth interfaces at T < T 0 destabilize the common dislocations that could form spiral steps on the interfaces, unless they form immobile composite types. In fact, in the observation of growth with a 111 facet interface, common dislocations showed no effects on the size of the facet, even when they were seen at the interface in live topography, but by generation of a composite dislocation with a Burgers vector having a component parallel to the growth direction, the facet shrunk, i.e., the supercooling T required for steady-state growth decreased. This observation reflects the effect of composite dislocations on melt growth. 53) Even for composite dislocations, however, it was observed that they were driven away from a highly supercooled facet interface.
53) It should be noted that Abe's finding of the dislocation effect was for the case of high dislocation density. 35) Spiral growth requires stabilization of the dislocations. It is well known that a dislocation at the center of a spiral step in vapor and solution growth often has a large Burgers vectors, which indicates a composite dislocation.
An edge-type dislocation with a Burgers vector parallel to the terrace ({111} surface) of steps on the interface reboring dislocations with opposite signs annihilate each other, and therefore they can exist at the interface. However, a simple calculation shows that the dislocation density required is fairly high, as shown in Fig. 10 53) and one can conclude that mains stable during growth. The two composite dislocations in Fig. 9 From the foregoing discussion, it is clear that if dislocations can cause spiral growth, they become unstable at the interface upon increasing the supercooling. It should be noted in Fig. 9 that dislocations cannot exist, even on vicinal interfaces, during growth when the supercooling T is very small. This conclusion was confirmed by taking topographs for specimens cut from the seed part of dislocation-free crystals, as shown in Fig. 11 ; irregularly curved common dislocations are located only in the seed zone before necking. The necking part has only composite-type straight dislocations consisting of three common dislocations such as The necking procedure used by Dash is a process of waiting for the composite dislocations to disappear from the interface, by intersecting with the side surfaces of the narrow necking part.
In conclusion, spiral growth is not induced by common dislocations unless the free energy of spiral steps is lowered by the presence of some contamination.
Dislocations in melting crystals
Superheating of crystalline solids is not usually observed, i.e., melting can apparently start at crystal surfaces without appreciable superheating. Why does superheating of solids rarely occur, in contrast to the fact that liquid is easily supercooled? This has been one of the long-asked questions. The liquid and solid states are asymmetric with respect to the melting point. Melting always takes place from the surfaces of crystals because of volume expansion by melting for most materials. (The melt of silicon is denser than the solid.) This has also been believed to be due to the fact that the sum of the solid-liquid and liquid-vapor interfacial free energies is less than that of the solid-vapor interfacial free energy. According to the theory on solid surfaces, 57, 58) the amplitudes of thermal vibration on surfaces are higher than those in bulk, and therefore the melting point of surfaces is lower; melting proceeds via the movement of the liquid-solid interface into the crystal. However, in-situ observations indicate a different view on superheating.
Dislocations are always generated in silicon crystals during a temperature increase up to the melting point. The in-situ topographic observation showed that dislocation sources are located at the edges of specimen crystals. It was found that dislocation generation is prevented by sharpening the crystal edge to a kinife-edge. Thus, dislocation-free melting was achieved although it had been considered to be extremely difficult compared with dislocation-free crystal growth.
The melting process observed by live topography is shown by a series of video images in Fig. 12 . Figure 12(a) shows the state just before melting. In Fig. 12(b) , melting from the surfaces is initiated in the elliptical region. The temperature is highest at the center of the ellipse where black spots are seen. In Fig. 12(c) , melting has proceeded farther, and many black spots are seen. The inhomogeneous intensity distribution inside the region is that of equal-thickness fringes (Pendellösung fringes) 9) due to the variations in crystal thickness shown in Figs. 8(b) and 8(c) , indicating an ideally perfect crystal. In Figs. 12(d)-12(f) , on decreasing the heating power slightly, the ellipse shrinks, i.e., growth takes place at the periphery of the ellipse, but melting proceeds at its central region due to thermal inertia; the crystal becomes thinner at its center in Figs. 12(d)-12(e) . Some black spots become white in Fig. 12 (e) and are holes formed by melting through the crystal. (The photographs are negative, and the diffracted intensity is zero in the white regions.) The black spots are due to strain around liquid drops formed inside the crystal. In Fig. 12(e) , some dislocations are generated from drops, but they are unstable and immediately move away from the elliptical melting region. Melting through, as shown schematically in Fig. 8(c) , takes place in Fig. 12(f) .
The observation of drops inside crystals means that dislocation-free crystals can be superheated, because drop formation requires a fairly large superheating to overcome the solid-liquid interfacial free energy, even if the drops are formed by some nucleation centers.
Then, it is questioned whether or not dislocated crystals are superheated. The melting behavior of a dislocated crystal is seen in the series of photographs in Fig. 13 . Figure 13(a) shows the state just before melting starts; the black parts indicate the many dislocations which are generated on heating the crystal to the melting point. The point marked "M" has the highest temperature, and the crystal is melted homogeneously from the surface. No drops are formed inside the crystal. The circular equal-thickness fringes expand from Point M with thinning of the crystal by melting. This observation shows that the dislocations move away from the melting region toward the lower-temperature regions, and the crystal becomes "ideally perfect" just before melting.
cations are rarely generated in superheated regions.
Such extremely unstable behavior of dislocations in superheated crystals can be understood as an increase in interfacial free energy due to melting from dislocation cores, similarly to the case of crystal growth. If dislocations were present at a melting interface, the dislocation core would be preferentially melted; which may be called "spiral melting" or "cone Furthermore, the in-situ observation revealed the following. 55) (1) Dislocations never enter a superheated region and pile up at the edge of that region when the temperature gradient is sufficiently low. On decreasing the temperature slightly, however, they immediately move into the region. (2) Dislomelting" along dislocation cores, which increases the interfacial free energy. Therefore, all dislocations move away from the melting interface with the formation of a dislocation-free layer. Figure 14 illustrates the difference between dislocationfree and dislocated Si crystals; melting starts inside dislocation-free crystals simultaneously with surface melting, forming many liquid drops inside the crystals. This means that dislocation-free crystals are superheated easily. In contrast, dislocated crystals always melt from their surfaces and melting proceeds into the crystal, and a dislocation-free superheated layer is formed under the interface. Jpn Fig. 12 . Synthesized images showing a melting sequence of a dislocation-free crystal. 220 reflection; 10 s intervals. The elliptical region is melting from the surfaces and some Pendellösung fringes are seen due to the thickness variation. Black spots in the central region of the ellipse are due to drops inside the crystal. Although dislocations are generated in the ellipse of (e), all of them move downwards, and the ellipse easily becomes dislocation-free. Although the melting behavior is different between dislocated and dislocation-free crystals, the superheating at the interfaces is the same in both cases if the melting rate is the same, but the dislocated regions are not superheated.
When the dislocation density and/or temperature gradient is very high, dislocations can exist at the interface and cause melting without appreciable superheating. For example, slip bands sometimes show preferential melting at a faceted interface (see Fig. 17 in ref. 56) . Undoubtedly, the dislocation effect on melting exists, but it requires stabilization of the dislocations at the interface.
The long-asked question may be resolved due to the fact that crystals in nature contain dislocations at high densities. Melting and solidification of a dislocation-free crystal are symmetric with respect to the melting point.
Microdefects
The growth of large-diameter single crystals is possible only in a dislocation-free state, and today, the 8-inch wafer process is popular in the production of silicon integrated circuits, and technology for 12-inch wafers is now being developed for future production.
However, dislocation-free crystals gave rise to new problems due to microdefects which were never seen in dislocated crystals. The microdefects are agglomerates of point defects. They have adverse effects on device characteristics, and become critical with device micro-miniaturization, accompanying the increase of the volume ratio of defects to electrically active regions of devices.
Microdefects are too small to be observed by live X-ray topography. However, live topography is still useful because one can study the defects frozen by quenching during the in-situ observation.
Classification of microdefects
Both interstitial and vacancy types of microdefects have been observed in Si dislocation-free crystals. The observation of microdefects is briefly reviewed here.
Swirl defects
Microdefect "swirls" are observed in swirl patterns in round slices of float-zone and Czochralski-grown crystals, as seen in Fig. 15(a) . In longitudinal slices, they appear in a striated distribution, as illustrated in Fig. 15(b) . Abe perature of 900-1000
• C, and then they are quenched so that the copper precipitates on the microdefects. Since the precipitation causes strain around the invisible defects, swirls were also observed by conventional X-ray topography following copper or lithium decoration and were categorized into two types, "A-defects" (A-swirls) and "B-defects" (B-swirls) by de Kock, 62, 63) since the latter could not be revealed by lithium decoration. A-defects were identified as interstitial et al. revealed the defects in an as-grown state by preferential chromic acid etching which forms a shallow pit at the defect position. 59) Chikawa et al. observed the defects nondestructively by the "kinematical imaging technique" in which defect images are separated from the beam diffracted by perfect regions of the crystal. 60) Plaskett observed swirl defects by infrared microscopy following copper decoration; 61) copper is diffused into Si crystals from their surfaces at a tem- dislocation loops or their clusters, by electron microscopy. 64) B-defects were smaller and were considered to be agglomerates of interstitials. Microdefects were generated by changing the diameter of a crystal during the float-zone growth. Figure 15(c) shows an X-ray topograph taken after copper decoration for a longitudinal specimen cut from such a crystal. Swirl defects are seen in a striated pattern in the regions labeled "S" (S indicates swirls). Figure 15(d) shows a section topograph 51, 65) taken at the position indicated by the vertical line (central axis) in Fig. 15(c) . This enlarged micrograph shows individual microdefects as black spots.
D-defects
Roksnoer and Van den Boom 66) found a new type of microdefect by X-ray topography following copper decoration, that was present uniformly throughout float-zone crystals. They appeared on increasing the growth rate or the crystal diameter. This type of defect is called a "D-defect" and is considered to be agglomerates of frozen-in vacancies, based on a comparison of their nature with that of swirl defects. D-defects exist in the regions labeled "V" (V indicates "vacancy-rich") in Figs. 15(c) and 15(d).
I-defects
Float-zone crystals free of both swirls and D-defects are still imperfect; in Fig. 15(d) , there are tiny black dots distributed densely throughout the "I-region" between the V and S regions. Because copper decoration never forms visible precipitations in defect-free crystals (See Fig. 16 ), the dots are due to extremely small grown-in defects called "I-defects" ("I" indicates interstitial type).
67) It should be noted that the V-region in Fig. 15(c) is surrounded by a narrow black band (line) (low diffracted intensity). This means that the boundary between the V-region and the I-region is nearly perfect as a result of the annihilation of vacancies and interstitials.
Intrinsic defect: vacancy
To investigate the formation processes of these microdefects, one must first distinguish which of the vacancies and self-interstitials is intrinsic. Most investigators believe that both are intrinsic; under this assumption, theoretical studies have been conducted. 68, 69) However, doping effects on the formation of microdefects indicated that only the vacancies are intrinsic.
Group-III and -V elements, such as B, Al, Ga, In, P, Sb, and Bi, were doped during the float-zone growth of nondoped crystals. The growth rate was changed to generate microdefects. The specimens cut longitudinally were observed by conventional topography following copper decoration. It was found that no interstitial microdefects (swirl and I-defects) exist in Al-doped crystals. 67) In Fig. 16 , the topographs for crystals doped with In, B, Al and Ga are shown to compare the doping effects. Vacancy-type defects and swirl defects (interstitial type) are seen in the regions labeled "V" and "S", respectively. Only a V-region is seen in the Al-doped crystal [ Fig. 16(c) ]. In Figs. 16(a) and 16(b) , V-regions are surrounded by the black band. In the Al-and Ga-doped crystals in Figs. 16(c) and 16(d) , the regions outside the V-regions are black because they are defect-free.
To confirm the crystal perfection, the section topograph in Fig. 16(e) was taken across the edge of the V-region (Al-doped) in Fig. 16(c) ; individual D-defects (vacancy type) are seen, and the upper part shows straight "Pendellösung fringes" with the "margin effect", 65) which indicates a very high crystal perfection outside the V-region. The section topograph in Fig. 16(f) was taken across the boundary between Ga-doped and non-doped regions near the left edge of Fig. 16(d) ; I-defects are seen in the lower part, but defects are invisible in the Ga-doped part. No fringe patterns are seen. This suggests a uniform distribution of extremely small defects in a high density.
These observations show the following results. (1) Copper decoration never forms copper precipitates in perfect crystals; precipitates occur only on existing defects. (2) Dislocationfree float-zone crystals always contain small defects called "I-defects". (3) Al-doped crystals have only D-defects. It is emphasized that doping of Al eliminates all interstitial-type defects but does not affect the formation of vacancy-type defects, in spite of the general concept that self-interstitials and vacancies must be related to each other, e.g., their pair formation. This observation indicates that the origin of interstitials is completely different from that of vacancies. The formation of vacancy clusters (D-defects) can be understood simply as homogeneous nucleation of supersaturated vacancies during the cooling process. The results indicate that intrinsic defects of Si crystals are only vacancies.
It is well known that doping of Al reduces the impurity oxygen concentration due to the formation of Al 2 O 3 in the silicon melt. It is suggested that interstitials originate from Crystal diameter = 42 mm. The X-ray topographs were taken for longitutrace impurities of oxygen, probably from argon gas atmosphere, where oxygen impurities may be concentrated in the silicon melt..
Origin of swirl defects
It is well known that local remelting takes place during the growth of bulk crystals. In the light of the in-situ observation described in §3.2, remelting must produce liquid drops inside the growing crystal. Microdefects may be formed from these drops. To confirm this, a superheated crystal was quenched to freeze microdefects from drops. 54) Figure 17(a) shows the state just before melting starts. Many black spots due to drops are seen after superheating, in Fig. 17(b) . By decreasing the temperature slightly, they become invisible, as in Fig. 17(c) , because they solidify. The crystal was immediately quenched to room temperature and was observed by conventional X-ray topography with a high-resolution photographic plate. The result is shown in Fig. 17(d) ; many black spots are seen in the same region as that of the spots in Fig. 17(b) . Each spot in Fig. 17(d) consists of two semicircles separated by a contrast-free plane parallel to the reflecting plane. They are typical images of defects having radial strain around them, such as dislocation loops. 70) Solidification of a drop results in a locally high concentration of self-interstitials and impurity atoms, since the liquid has a 9% higher density, and the shrunken lattice around a drop is not completely recovered.
In float-zone growth, the growing crystal is rotated, and periodic remelting takes place due to the asymmetry of the temperature distribution with respect to the axis of crystal rotation, as illustrated in Fig. 15(b) . A new growth cycle starts at the remelt interface after each remelting event. Such remelt interfaces remain as boundaries in the crystal. 71) A typical distribution of swirl defects in a round-sliced Si wafer is shown in Fig. 15(a) ; the intersections of the remelt boundaries with the wafer surface are recognized from the brightness variation in the background, and the swirl defects (black spots) are distributed outside the intersections. Since the crystal was grown with concave interfaces toward the melt, it can be concluded that the defects exist on the seed side of the remelt boundaries, as seen in Fig. 15(b) .
Swirl defects are interstitial dislocation loops with sizes less than a few microns, and intrinsic point defects in silicon crystals are vacancies, as mentioned in §4.2. Swirl defects formed by the solidification of drops near the melting point T 0 are annihilated by supersaturated vacancies in the cooling process from T 0 to 900
• C where vacancies are mobile. When the supply of vacancies is insufficient in that temperature range, the defects can survive.
Incorporation of vacancies, i.e., swirl formation, depends on the growth rate, temperature gradient and crystal diameter.
Conclusion
Live X-ray topography has paved the way for dynamic observation of defects and phase transformations. Use of live X-ray topography with the X-ray Saticon camera tube having a resolution of 6 µm has become popular in synchrotron radiation facilities. The amorphous Se-As photoconductive layer of the camera tube enables avalanche amplification, which allows one to image individual X-ray photons and to realize live topography with a conventional laboratory X-ray source.
Using live X-ray topography, it was shown how silicon crystals grow into the perfect state from the melt; dislocations exist stably at melt-crystal equilibrium interfaces. In growth processes, however, common dislocations become unstable upon supercooling and are driven behind the interface, forming a dislocation-free state. In melting processes, dislocated and dislocation-free crystals showed different behaviors, as illustrated in Fig. 14 . Dislocations are extremely unstable at melting interfaces, and melting proceeds with the formation of a dislocation-free layer via the movement of dislocations from the melting interface. In contrast, dislocationfree crystals melt forming many liquid drops simultaneously, with melting from the surface. It is noteworthy that Pendellö-sung fringes (equal-thickness fringes) indicating an "ideally perfect crystal" are always observed in superheated regions. The dislocation effects on melting and growth counter the existence of dislocations at the melting and growth interfaces. The unstable behavior of dislocations is due to an increase of interfacial free energy caused by their spiral growth or spiral melting. The spiral growth requires the stabilization of dislocations, by, for example, very high dislocation densities, formation of composite dislocations, and contamination to decrease the interfacial free energy.
The observation of the doping effect on the formation of interstitial microdefects led to the conclusion that only vacancies are intrinsic defects. It was proposed that swirl defects are generated from drops formed during remelting periods during float-zone crystal growth and are annihilated with sufficiently high vacancy concentrations in the cooling process. It is an advantage of live topography that one can study the state frozen by quenching the specimen during in-situ observation.
